Events occurring early in life or prenatally are able to play important roles in the pathogenesis of diseases in adult life. Different sorts of stress or hormonal influences, during particular periods of pregnancy, may result in persistent or transient changes in physiology. IL-1 is a multifunctional cytokine that is involved in bone metabolism. The aim of the present study was to investigate whether exposure to IL-1␤ during fetal life has any effect on skeletal growth or bone mineral density in adult rat offspring. Pregnant rats were given intraperitoneal injections of IL-1␤, 1 g/rat, or saline on days 8, 10, and 12 of gestation. Male IL-1-exposed offspring showed reduced height, areal bone mineral density, and bone mineral content at vertebra L5. Tibial length was reduced in both male and female offspring. Peripheral quantitative computed tomography analyses revealed reduced cortical bone mineral content caused by a decreased cortical cross-sectional area as a result of a decreased cortical thickness, whereas there was no reduction in the amount of trabecular bone in the tibia of male offspring. Our results demonstrate that prenatal exposure to IL-1 can induce specific programming of skeletal tissue. In conclusion, prenatal IL-1 exposure results in decreased skeletal growth and a reduced amount of cortical bone but unchanged trabecular bone mineral density in adult rat offspring. It has been shown that events occurring early in life or prenatally are able to play important roles in the pathogenesis of adult diseases in both humans and animals (1, 2). The process whereby a stimulus or insult at a sensitive or critical period of development has long-term effects is termed programming (3). A low birth weight and leanness at birth have been shown to be associated with insulin resistance in children and adolescents (4, 5). Furthermore, a recent clinical study suggests that a low birth weight is associated with lower adult bone and muscle mass, indicating that the risk of osteoporosis in later life might be programmed by genetic or environmental influences during gestation (6).
Events occurring early in life or prenatally are able to play important roles in the pathogenesis of diseases in adult life. Different sorts of stress or hormonal influences, during particular periods of pregnancy, may result in persistent or transient changes in physiology. IL-1 is a multifunctional cytokine that is involved in bone metabolism. The aim of the present study was to investigate whether exposure to IL-1␤ during fetal life has any effect on skeletal growth or bone mineral density in adult rat offspring. Pregnant rats were given intraperitoneal injections of IL-1␤, 1 g/rat, or saline on days 8, 10, and 12 of gestation. Male IL-1-exposed offspring showed reduced height, areal bone mineral density, and bone mineral content at vertebra L5. Tibial length was reduced in both male and female offspring. Peripheral quantitative computed tomography analyses revealed reduced cortical bone mineral content caused by a decreased cortical cross-sectional area as a result of a decreased cortical thickness, whereas there was no reduction in the amount of trabecular bone in the tibia of male offspring. Our results demonstrate that prenatal exposure to IL-1 can induce specific programming of skeletal tissue. In conclusion, prenatal IL-1 exposure results in decreased skeletal growth and a reduced amount of cortical bone but unchanged trabecular bone mineral density in adult rat offspring. It has been shown that events occurring early in life or prenatally are able to play important roles in the pathogenesis of adult diseases in both humans and animals (1, 2) . The process whereby a stimulus or insult at a sensitive or critical period of development has long-term effects is termed programming (3). A low birth weight and leanness at birth have been shown to be associated with insulin resistance in children and adolescents (4, 5) . Furthermore, a recent clinical study suggests that a low birth weight is associated with lower adult bone and muscle mass, indicating that the risk of osteoporosis in later life might be programmed by genetic or environmental influences during gestation (6) .
IL-1 is a multifunctional cytokine that is involved in the regulation of bone metabolism, hematopoiesis, and inflammatory responses (7) . Maternal infection during pregnancy leads to a systemic inflammatory response, with release of cytokines and glucocorticoids, representing a stressful event for the fetus. Early onset of neonatal sepsis is associated with increased IL-1 levels in umbilical plasma (8) . Lipopolysaccharides from bacteria have been shown, via the release of IL-1, IL-6, and tumor necrosis factor-␣, to regulate the neuroendocrine axis in adult rats and humans (9 -11) . Prenatal treatment with IL-1 results in long-lasting alterations in psychomotor development, behavior, and the neuroendocrine system (12, 13) .
IL-1 is also regarded as a bone-regulating cytokine. It is involved in the regulation of bone remodeling (7, 14 -16) , fracture healing (17) , inflammatory bone diseases (18) , and malignant bone destruction (19) . IL-1 is a potent stimulator of osteoclast formation, associated with increased bone resorption . Ex vivo measurements of tibia and vertebra L6 were performed on excised bones placed on a 1-cm-thick Plexiglas table. All bones compared were measured in the same scan as previously described (26) .
PQCT
Computed tomography was performed with the Stratec pQCT XCT Research M (software version 5.4B; Norland Medical Systems Inc.) operating at a resolution of 70 m (27) .
Mid-diaphyseal pQCT scans of the tibia were performed to determine the cortical BMC, the cortical volumetric BMD, the cortical cross-sectional area, the cortical thickness, and the periosteal and endosteal circumference. The mid-diaphyseal region of the femur and tibia in rats contains mostly cortical bone (26) .
Metaphyseal pQCT scans of the left tibia were performed to measure trabecular volumetric BMD. The scan was positioned in the metaphysis at a distance from the proximal growth plate corresponding to 5% of the total length of the tibia (an area containing a central portion of trabecular bone). The trabecular bone region was defined by setting an inner threshold of 45% of the total area. The interassay coefficients of variation for the pQCT measurements were less than 2%.
It should be emphasized that the DXA technique gives the areal BMD, whereas the pQCT gives the real, volumetric BMD. Thus, DXA gives the mineral content per area, not per volume. Therefore, a factor regulating the outer dimensions of a bone will affect the areal BMD (DXA) but not the volumetric BMD (pQCT).
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HISTOMORPHOMETRIC ANALYSIS
Histomorphometric analysis was performed on the rat distal femur of 10-wk-old male rats (Pharmatest Services Ltd., Turku, Finland). The variables were calculated from one section of each bone sample. Six fields (two rows, total area 4.6 mm 2 ) were measured 0.9 mm above the growth plate in each section. The following variables were determined: trabecular bone volume relative to tissue volume, trabecular thickness, osteoclast surface relative to bone surface, and number of osteoclasts relative to bone surface.
STATISTICAL METHODS
Distribution of variables is given as mean Ϯ SEM. A Mann-Whitney nonparametric U test was used for comparison between the treatment groups and the control groups. A twotailed p value of Ͻ0.05 was considered statistically significant.
RESULTS
Dams and litters.
The body weight of the dams increased throughout pregnancy, and there was no significant difference in body weight between the two groups at any time (data not shown). There was an insignificant tendency to an increase in core body temperature in the IL-1-exposed animals (37.7°Ϯ 0.8°C) compared with control dams (37.0°Ϯ 0.3°C). A significant reduction in food intake was seen in IL-1-exposed dams, on days 9, 11, 13, and 14 ( Fig. 1) . However, no significant difference was found in litter size for the IL-1-exposed group compared with the control group [IL-1, 6.0 Ϯ 1.1; controls, 7.2 Ϯ 0.9 (n ϭ 10 in each group)].
Body weights of offspring. There was no difference in body weight between the newborn pups in the IL-1-injected group and the controls [male IL-1, 6.80 Ϯ 0.16 g (n ϭ15); controls, 6.68 Ϯ 0.1 g (n ϭ22), female IL-1, 6.49 Ϯ 0.12 g (n ϭ20); controls, 6.41 Ϯ 0.12 (n ϭ21)]. Body weight was recorded from week 1 to week 10 for male offspring and from week 1 to week 11 for female offspring. No significant effect on body weight was seen at any time (data not shown). Food intake was measured in control offspring and IL-1-treated offspring at 5 wk of age and between 9 and 10 wk of age. There was no difference in food intake between IL-1-treated and control offspring (data not shown).
Organ weights. The weights of different organs were measured at 12 wk of age for female rats and at 10 wk of age for male rats. No difference were found in the weights of muscle, adipose tissue, gonads, thymus, spleen, or heart, but the adrenals of male IL-1-treated offspring were slightly lighter than the adrenals of control offspring [IL-1, 0.20 Ϯ 0.01 g; controls, 0.23 Ϯ 0.01 g; (n ϭ9 -12), p Ͻ 0.05].
Skeletal growth. The height of vertebrae L5 and L6 and the length of the tibia were measured at 10 wk of age for male rats and at 12 wk of age for female rats (Table 1 ). Male IL-1-treated offspring showed clearly reduced vertebral heights (Table 1) . Tibial lengths were reduced in both male and female IL-1-treated offspring (Table 1) .
Bone mineral status as determined by DXA. Areal BMD of the spine and tibia were examined by DXA. IL-1-treated male offspring had a reduced areal BMD in the spine but not in the tibia compared with control rats (Table 2) . (Table 3) .
Cortical bone as determined by pQCT. Cortical bone variables were analyzed in the mid-diaphyseal region of the tibia. Male IL-1-treated offspring showed a clear reduction in cortical BMC caused by a decreased cortical cross-sectional area although a slight increase in cortical volumetric BMD was seen. The reduced cortical cross-sectional area was the result of decreased cortical thickness (Fig. 2) . Female IL-1-treated offspring showed a nonsignificant tendency for reduced amount of cortical bone (data not shown).
Serum variables. Serum levels of TRAP 5b were increased in male offspring compared with females in the untreated group (p Ͻ 0.01). After prenatal exposure to IL-1 this sex difference in TRAP 5b levels disappeared (Table 4) . C-terminal type I collagen levels were reduced, whereas testosterone levels were increased in female IL-1-treated rats compared with controls. Serum levels of IGF-I, corticosterone, leptin, progesterone, estradiol, and osteocalcin were unchanged in IL-1-treated offspring compared with controls in both males and females (Table 4) .
DISCUSSION
The programming hypothesis, whereby events early in life or during specific fetal periods have long-lasting effects later in 
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life, is supported by human epidemiologic data and animal models. Several studies have demonstrated that changes in the nutritional, metabolic, and hormonal environment during both prenatal and postnatal periods of life may have profound effects on body composition, glucose tolerance, blood pressure, and cardiovascular diseases (2, 3, 28, 29) . A recent clinical study suggests that a low birth weight is associated with decreased bone and muscle mass in adults, indicating that the risk of osteoporosis in later life might be programmed by genetic or environmental influences during gestation (6) . The notion that skeletal growth may be programmed during intrauterine or early postnatal life is supported by a study by Cooper et al. (30) , demonstrating a relationship between adult bone mass and weight at 1 y of age.
IL-1 levels might be increased in pregnant women as well as in newborns as a result of, for instance, infections and inflammatory diseases. Previous studies regarding prenatal exposure to IL-1 have focused on alterations in psychomotor development, behavior, and the neuroendocrine system (12, 13) . The aim of the present study was to investigate whether prenatal IL-1 exposure affects skeletal growth or adult bone metabolism in rat offspring.
We demonstrate that prenatal IL-1 exposure results in decreased axial as well as appendicular skeletal growth. One possible explanation for the reduced skeletal growth could be that the food intake of dams was reduced after each IL-1 injection. It is well known that low birth weight is associated with insulin resistance in children and adolescents (4, 5) . Furthermore, intrauterine exposure to a maternal low-protein diet has recently been shown to reduce adult bone mass and alter growth plate morphology in rats (31) . However, as the reduction in food intake in the dams that occurred the day after the injection affected neither the total body weight of the dam nor the birth weight of the IL-1-exposed offspring, it is unlikely that the decreased food intake is involved in the disturbed skeletal growth in the offspring. To definitively rule out differences in food intake of the dams as being involved in mechanism behind the skeletal phenotype in the offspring, additional studies including pair feeding of untreated animals are required. Interestingly, the weights of several different organs and tissues, including muscles, fat depots, gonads, thymus, spleen, and heart, were unchanged in the IL-1-treated offspring, indicating that the skeletal effect was specific and did not just reflect a general growth disturbance.
The weight of the adrenals was, however, decreased in male offspring. Similarly, in a previous study by Götz et al. (12) , it was demonstrated that exposure to IL-1 late in pregnancy (days 17-21) resulted in decreased adrenal weight in the offspring. Furthermore, both in the present study and in the study by Götz et al. (12) , it was found that serum levels of androgens were increased in IL-1-treated female offspring.
In this study we found evidence that the skeletal tissue is another target for the programming theory. DXA measurements demonstrated that areal BMD was decreased in the spine. The pQCT technique and histomorphometry were used to separate the effects on cortical bone and trabecular bone. Both the pQCT technique and histomorphometry demonstrated that trabecular bone was unaffected in the IL-1-treated offspring. However, male IL-1-treated offspring showed a clear reduction in cortical BMC, caused by a decreased cortical cross-sectional area. The reduced cortical cross-sectional area was the result of decreased cortical thickness. Interestingly, serum levels of the osteoclast bone marker TRAP 5b were decreased in male and increased in female IL-1-treated offspring. The mechanism behind this effect remains to be elucidated.
In the present study a clear effect was seen on the axial skeletal (vertebrae) growth whereas only a modest effect was seen on the appendicular skeletal (tibia) growth. There are a limited number of previous reports regarding fetal programming of the skeleton (32, 33) . However, the effect on the appendicular skeletal growth in the present study was of the same magnitude as previously reported in studies using prenatal exposure with leptin and dexamethasone, and the effect on the axial skeletal growth was of the same magnitude as prenatal leptin exposure but more pronounced than for prenatal dexamethasone exposure (32, 33) .
Our study clearly demonstrates that exposure to IL-1 results in decreased skeletal growth and affects cortical bone variables in rat offspring. However, the mechanism behind this effect is unclear and might include both central and peripheral effects. One possible mechanism is that IL-1 might exert a direct central effect on the brain, supported by the fact that the IL-1 treatment in the present study corresponds to an early period when fetal brain development occurs in the rat (34) . It is well known that IL-1 increases glucocorticoid secretion by enhancing synthesis and release of corticotropin-releasing hormone and ACTH (35) . We have previously demonstrated that treat- ment with dexamethasone results in disturbed skeletal growth in the offspring (32) . A disturbed HPA axis in the treated offspring is supported by the fact that the weight of the adrenal gland was decreased in male offspring. However, basal serum levels of corticosterone were unchanged. Dysregulation of the HPA axis, however, cannot be excluded, as a reduced corticosterone response to stress has been seen after postnatal IL-1 administration (13) .
IL-1 exerts direct effects on skeletal cells (19, 20) . Thus the effect of IL-1 on skeletal programming might be a direct effect on skeletal cells, including chondrocytes, osteoblasts, and osteoclasts. An effect at the cellular level has recently been reported by Oreffo et al. (36) . They found reduced osteoblast activity and affected bone marrow stromal cells in offspring from mothers on a low-protein diet. A third pathway by which IL-1 might influence skeletal programming in the offspring is an indirect effect via the placenta or via hormones and growth factors in the pregnant dam. A limitation with the present study is that the exact mechanism for the described skeletal effects is not identified, and therefore future additional mechanistic studies are required.
CONCLUSIONS
Our results demonstrate that prenatal exposure of IL-1 can induce specific programming of skeletal tissue. In conclusion, prenatal IL-1 exposure results in decreased skeletal growth and reduced amount of cortical bone but unchanged trabecular BMD in rat offspring.
